Exposure of Chlorela sorokiniwa (07-11-05) to ozone inhibits photosynthesis. In this study, the effects of ozone on 02 evolution and fluorescence yields are used to characterize this inhibition. At an ozone dose of about 3 micromnoles delivered to 2 x 10' cells, the photosynthetic rate of the cells is inhibited 50%, as indicated by a decrease in bicarbonate-stimulated 02 evolution (control rate, 1.4 ± 0.3 x 10"1 moles per ceil per minute).
Plant productivity is decreased by ozone exposure in three major ways: (a) induction of stomatal closure in sensitive plants, which protects them from further injury but reduces the plant's photosynthetic capacity; (b) reduction in the chloroplast's ability to carry out efficient photosynthesis (8, 10) ; and (c) induction of necrosis and chlorosis which generally appears from 1 to 2 days after ozone exposure.
Chlorella has been used previously to study ozone effects on ion transport pathways (1, 11) . In the present study, we describe ozone alterations of photosynthetic competence in Chlorella as they are measured by 02 evolution and fluorescence yield kinetics. In addition, we assess the effects of an externally applied osmotic pressure used to vary the internal water potential.
MATERIALS AND METHODS
Chlorella sorokiniana (07-11-05) were grown autotrophically as described previously (2) . Either 02 or ozone was bubbled into 10 ml of a stirred buffered phosphate solution containing 2 x 108 cells/ml for varying times (11) . A 1.0-ml cell sample was removed and, after addition of 20 mm NaHCO3, assayed for 02 evolution. 02 evolution was measured by a YSI Clark 02 electrode in a water-jacketed cuvette (total volume about 2 ml) maintained at 38°C. The cuvette was illuminated by red light with wavelengths greater than 600 nm and at an intensity of 50 mw/cm2 (about 80-90%o saturating). The cuvette was constructed so that the electrode just fit into the top opening, minimizing diffusion of 02 from the air but allowing additions by microsyringe. Light intensity was varied with Kodak neutral density filters and measured with a Licor radiometer (corrected to PAR).
Ozone was generated in an 02 gas stream by UV irradiation and quantitated colorimetrically by reaction with a neutral solution of KI (3).
Fluorometer measurements, using both actinic and measuring beams of light, utilized a noncommercial fluorometer (partially described in ref. 7) . The measuring light beam (440 ± 10 nm; 345 ergs cm 2 S-1) was produced by a Bausch and Lomb high intensity tungsten lamp driven by DC voltage, and was modulated at 400 Hz by a light chopper (Type L40, American Time Products, Bulova, Woodside, NY).
A broad-band blue actinic beam of light (450 ± 50 nm; 11 kergs cm-2 s-1) was produced by tungsten bulb projector and blue cutoff filter (Coming CS-4-96), a Wratten blue filter (Type 48A), and a 500-nm cut-offfilter (Optics Technology, Palo Alto, CA). Actinic light passed into the sample along the same optical axis as the measuring beam, but at a 1800 angle to it.
Fluorescence was measured at a 900 angle from the optical axis of the measuring beam by an S-20 photomultiplier (Type 9558B, E.M.I.). The photomultiplier was screened by a red cut-off filter (Corning CS-2-60), a red Wratten cellulose filter (Type 26) and a 680-nm interference filter (half-width, 10 nm, Baird-Atomic). Fluorescence signals were amplified by a lock-in amplifier (Model 138, Princeton Applied Research Corp., Princeton, NJ). In the single beam mode, the actinic light drove the fluorescence and the output of the photomultiplier was amplified without the lock-in mode. Aliquots of ozone-or 02-treated cell suspensions (60 ,ul) and 3.5 ml of additional growth medium were placed in the cuvette and monitored fluorometrically.
RESULTS
Ozone depression of the photosynthetic rate in Chlorella, measured as 02 evolution in the presence of a saturating concentration of HCO3, is shown in Figure 1 . There is variability among cell cultures, but the average depression is similar to that observed for respiration (11) . To inhibit the photosynthetic rate by half, a delivered ozone dose of about 2.9 ,umol in 8 min was required. The 02 control showed a 25 to 30%o depression in 02 evolution after 5 min. This likely resulted from photorespiration, which decreases the apparent normal 02 evolution rate (18) . Return of the photosynthetic rate to the 0 time control level (following a 10-min exposure to 02) required about a 15-min equilibration of the tested solution with the normal atmosphere (data not shown).
To determine ozone effects on the light reactions of photosynthesis, 02 evolution at varying light intensities was monitored for Inhibition of photosynthetic 02 evolution by Chlorella exposed to ozone. Chlorella were exposed to ozone (3.6 x 10-7 mol/min, 144 ppm at 60 cc/min) or 02 as described under "Materials and Methods." A cell aliquot was taken and diluted with standard phosphate medium, then NaHCO3 (20 mM) was added. The average initial photosynthetic rate of four separate experiments (each symbol) for the no-gas control was 1.41 ± 0.32 x 10-15 mol cell-1 min-m (± SD, n = 9). 2) were similar to those of several algae including Chlorella pyrenoidosa (6) and also of higher plant chloroplasts (7) . The nonvariable relative fluorescence yield, Fm, remained constant at low intensity of the measuring beams (Im). Upon illumination by actinic light (IA), the yield increased to P, decreased slightly to S and, after a minute or so, rose to M (using the nomenclature of Govindjee and Papageorgiou [6]). Faster kinetics could not be observed. Further changes, occurring after 2 to 4 min of actinic illumination, were difficult to resolve in these studies, and were not investigated. After actinic light was removed (IA off), the fluorescence yield decayed slowly to the initial Fm level as observed with spinach chloroplasts (7) . The variable fluorescence data, P and M, have been presented as ratios of Fm (P/Fm and M/ Fm) or relative yields. In nontreated control cells (no 02 or 03) fluorescence yields remained constant for 60 min (Table II) Fm and M/Fm levels significantly, due to the absence of CO2 (19) .
As seen in Figure 3 , the variable fluorescence yield changed during exposure of Chlorella to ozone. Three stages were noted:
(a) the variable yield initially rose compared to the control at zero time, with no change observed for the nonvariable yield (Fig. 4) ; (b) the variable yield then fell below that of the control and the nonvariable yield rose slightly; finally (c) the variable yield stabilized at slightly above I and the nonvariable yield began to fall (Fig. 4) . (Fig. 3) . The maximum yields of both P/Fm and M/Fm and the time of ozone exposure required to reach these maxima depended upon the ozone concentration. At high ozone levels (Fig. 3) , the relative yield increased by 50% after 2 min ozone exposure. At low ozone levels (one-tenth the high level) the fluorescence yields required twice as long to increase, but they also increased nearly 100% (Fig. 5) . The Fm levels did not change during these first few minutes (Fig. 4) . The C02-dependent 02 evolution showed little change during this time period (Fig. 1) .
During stage 2, P/Fm and M/Fm fell to below the initial yield at 0 time (Fig. 3) and, again, rates were dependent on ozone concentration. With high ozone concentration, the yield stabilized after 8 to 10 min of exposure (Fig. 3) , while at lower ozone levels at least 15 to 20 min were required (Fig. 5) Figure 3 . Curve 1 is the ratio of P/Fm and curve 2 is the ratio M/Fm (see Fig. 2 ).
increase with time (Fig. 4) , most obviously at low ozone concentrations. During this time interval, the C02-dependent rates of 02 evolution declined drastically (Fig. 1) .
During stage 3, P/Fm and M/Fm remained constant at slightly above 1, which meant that little variable component contributed to the yield. Fm declined rapidly with high ozone concentrations and more slowly at the lower ozone concentration (Fig. 4) .
It was shown previously that K+ is lost from cells exposed to ozone (2, 11) . In addition, it has been postulated that the loss of water potentiaL due to loss ofthis cation in ozone-fumigated green plants, causes the decline in photosynthesis (10, 14) . To test this hypothesis, we measured photosynthesis in Chlorella suspended in a medium of high external osmolarity.
Using a single beam fluorometer, we monitored the steady-state rates of electron flow out of PSII with or without DCMU, the inhibitor of the water-splitting step (7) . At high external osmotic pressure (initially in the presence of mannitol, see ref. 9), we observed a decline in the steady-state yield with DCMU (Fig. 6) . This indicates that a lowered net turgor pressure leads to either a decline in photosynthetic electron transfer in PSII or a decline in energy transfer to Chl traps (6). The steady-state level of fluorescence measured in the absence of DCMU does not appear to be affected by external osmotic pressures; however, the 10%o fluctuation in fluorescence could have masked small changes brought about by mannitol. Under these same conditions (in the absence of DCMU) 02 evolution did not vary (<10%o) with external mannitol concentrations.
DISCUSSION
Several oxidative processes may contribute to photosynthetic injury during ozone exposure (10) . However, the leakage of K+ out of the cells occurs so rapidly (5, 11) that the resulting loss of ionic/osmotic balance within the cell and organelles is likely to be the major cause of the decline in photosynthetic function (13, 15) . Chloroplast reactions are sensitive to both turgor pressure (16) and ion inbalances (20, 24) , and inhibition of energy transfer processes due to changes in grana membrane characteristics could also take place. This is supported by our observation illustrated in Figure 6 . As external mannitol is increased (causing a decrease in cell turgor) in the presence of DCMU to block electron transfer out of PSII, less energy is released as fluorescence. This suggests interference with normal energy transfer. Schreiber and Vidaver (16) (Fig. 4) . This is equivalent to the dose required for a 30%o loss of K+ from these cells under similar protocol (1, 11) . The loss of ability to evolve 02 (+HCO3) (Fig. 1) and the loss of respiratory ability (11) We have found that the rate of K+ loss and fluorescence decline are not related linearly to the ozone delivery rate. At a high ozone concentration, the time required to drop the variable fluorescence to unity and cause a 50%o loss of K+ is decreased by only a factor of 2 over that required at low ozone concentration (1) .
To further interpret these fluorescence data, we can estimate the dose of pollutant received by the leaf. Following the general scheme of Hill (12) and Heath (10), we will use a stomatal conductance of 0.5 cm/s for bean plants with oven stomates. Then at 0.3 pl/l ozone, 6.3 x l012 mol ozone cm s are taken up.
Over the 2 h required for a general decline in the "0" level in bean reported by Schreiber et al. (17) , the total dose was 4.5 x 10-8 mol/cm2. The dose level at the site of cell injury is dependent upon the depth to which the ozone penetrates and is largely unknown. But for a leaf of 2-mm thickness, the dose is approximately 2 x 10-7 mol/ml leaf volume, close to that observed for Chlorella at stage 3 (4-5 x 10-7 mol for 5 ml).
CONCLUSIONS
The fluorescence changes observed in this study can be interpreted generally as alterations in the photosynthetic activity of the cells (stages 1 and 2) and subsequent disruption of the photosynthetic structure itself (7) (stage 3). The simultaneous increase in the fluorescent yield of P/Fm and M/Fm (associated with the dark reaction) and the lack of change in Fm in stage 1 (Figs. 2 and 3 ) suggest that photons are being captured, but they also imply that the flow of energy into the dark reactions of photosynthesis is being impeded, similar to that observed with CO2 deprivation (19) and to internal water potential decline induced by osmotic agents (Fig. 5) . On the other hand, the decline of P/Fm and M/Fm and the small increase in Fm in stage 2 suggest a blocked electron flow closely resembling DCMU-induced inhibition (7) or a real blockage of CO2 fixation. Thus, the initial ozone-induced change can be assigned to an alteration of the energy flow step (stage 1) and the later change to a blockage of CO2 fixation ability (stage 2). It is likely that stage 3 disruption involves dissolution of the grana membrane structure.
Two electron microscope studies have generated data comparable with those observations. In ozone-exposed bean plants, Thomson et al. (23) and Swanson et aL (21) observed a granulation of the chloroplast stroma, which is consistent with our stage 1 fluorescence changes; further changes in the membrane were interpreted as a general breakdown and photo-destruction of pigments, which is consistent with our stage 3 changes. Swanson et aL (22) observed organelle distortion due to cell plasmolysis in Chlorella exposed to ozone, under conditions similar to those reported here during stage 2 and 3.
Thus, it seems likely that ozone, by inducing the loss of osmotically active material from the cell, disrupts both chloroplast structure and the normal energy flow patterns, rather than reacting directly with the inner components of this organelle.
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